Introduction
Lipodystrophies are rare disorders characterized by selective loss of body fat and predisposition to metabolic complications of insulin resistance, such as diabetes, hyperlipidemia, and hepatic steatosis (1) . In the last 15 years, the molecular bases of many subtypes of genetic lipodystrophies have been unraveled (2) (3) (4) . For example, mutations in 6 genes, LMNA, PPARG, PLIN1, AKT2, CIDEC, and LIPE, have been associated with familial partial lipodystrophy (FPLD) (5) (6) (7) (8) (9) (10) (11) (12) . More recently, whole-exome sequencing has been successful in elucidating causal genes for extremely rare subtypes of lipodystrophies, especially those due to de novo heterozygous variants (13) (14) (15) (16) (17) (18) . Despite this progress, the molecular genetic basis of some lipodystrophies in patients with peculiar phenotypes still remains obscure. Therefore, in this study, we investigated the molecular basis of an atypical FPLD in an African-American pedigree using SNP genotyping and whole-exome sequencing.
Results

Patients
Clinical features of the affected adults with lipodystrophy are described below and summarized in Table 1 .
FPLD 122. 3 . This 46-year-old African-American male reported increased muscularity of the arms and legs at 13 years of age and excessive accumulation of fat in the dorsocervical region, requiring lipectomy at 33 and 40 years of age ( Figure 1, A and B) . He had hypertension, diabetes, dyslipidemia, gout, and hearing loss. He had obstructive sleep apnea, and at 41 years of age, underwent resection of the tongue and tonsillectomy. He complained of muscle cramps in the neck, stomach, and quadriceps region; heat intolerance; and excessive thirst. He smoked 0.5-1 pack of cigarettes per day for 27 years. He had right hip joint Despite identification of causal genes for various lipodystrophy syndromes, the molecular basis of some peculiar lipodystrophies remains obscure. In an African-American pedigree with a novel autosomal dominant, atypical familial partial lipodystrophy (FPLD), we performed linkage analysis for candidate regions and whole-exome sequencing to identify the disease-causing mutation. Affected adults reported marked loss of fat from the extremities, with excess fat in the face and neck at age 13-15 years, and developed metabolic complications later. A heterozygous g.112837956C>T mutation on chromosome 10 (c.202C>T, p.Leu68Phe) affecting a highly conserved residue in adrenoceptor α 2A (ADRA2A) was found in all affected subjects but not in unaffected relatives. ADRA2A is the main presynaptic inhibitory feedback G protein-coupled receptor regulating norepinephrine release. Activation of ADRA2A inhibits cAMP production and reduces lipolysis in adipocytes. As compared with overexpression of a wild-type ADRA2A construct in human embryonic kidney-293 cells and differentiated 3T3-L1 adipocytes, the mutant ADRA2A produced more cAMP and glycerol, which were resistant to the effects of the α2-adrenergic receptor agonist clonidine and the α2-adrenergic receptor antagonist yohimbine, suggesting loss of function. We conclude that heterozygous p.Leu68Phe ADRA2A mutation causes a rare atypical FPLD, most likely by inducing excessive lipolysis in some adipose tissue depots.
replacement at 45 years of age. His mother and one younger brother also had lipodystrophy. He was taking nateglinide, metformin, sitagliptin, rosuvastatin, hydrochlorothiazide, carvedilol, losartan, esomeprazole, and promethazine. Examination revealed marked loss of s.c. fat from the upper and lower extremities, resulting in muscular appearance. Increased s.c. fat was present in the dorsal cervical area with a horizontal scar from previous surgery. He had deep-set eyes and a large tongue. He had reduced s.c. fat in the soles of his feet, with callouses laterally. His pulse rate ranged from 92 to 107 beats per minute (when he was not on carvedilol), and his blood pressure was 138/90 mm Hg. He had hepatomegaly 9.5 cm below the costal margin but no splenomegaly. Acanthosis nigricans was present in the groin. His fractionated plasma epinephrine was 73 pg/ml (normal value, <50 pg/ml) and norepinephrine was 769 pg/ml (normal value, 112-658 pg/ml). Twenty-four hour urinary epinephrine was 13 μg (normal value 2-24 μg) and norepinephrine was 137 μg (normal value 15-100 μg). An electrocardiogram was normal.
FPLD 122.2. This 62-year-old African-American female reported masculine body since childhood and development of a buffalo hump at 13-14 years of age. She had menarche at 12.5 years of age and reported increased facial and body hair. She had removal of s.c. fat from the back of neck at 32 years of age. She also had hypertension, diabetes, and hyperlipidemia. She had a cerebrovascular accident at 40 years of age and has had claudication since 50 years of age. She had a partial hysterectomy at 23 years of age and cholecystectomy at 49 years of age. She smoked 0.5-1 pack of cigarettes per day for 43 years. She was evaluated at 56 years of age when she was taking pioglitazone, metformin, hydrochlorothiazide, nasal fluticasone, and simvastatin.
FPLD 122.8. This 39-year-old African-American male reported being muscular all his life but noted increase accumulation of fat in the dorsocervical area at 13 years of age. He had ravenous appetite and was having episodic hot flashes lasting for 45 minutes. He also had diabetes, hypertension, and dyslipidemia. He smoked 0.5-1 pack of cigarettes per day for 23 years. His pulse rate ranged from 74 to 88 beats per minute, and he was normotensive. He also had marked loss of s.c. fat from the extremities, with increased fat deposition at the nape of the neck, submandibular, and submental regions. He had no acanthosis nigricans or hepatosplenomegaly.
The affected patients had a body fat distribution that was consistent with FPLD, i.e., marked loss of s.c. fat from the extremities and trunk but excessive accumulation of fat in the neck, posterior cervicothoracic region, and intra-abdominal region. Whole-body MRI of the proband (FPLD 122.3) and his affected brother (FPLD 122.8) further revealed unique loss of s.c. fat from the scalp and orbits and anterior truncal region but preservation of posterior s.c., perirenal, and intraperitoneal fat (Figure 1, C-P) . The size of pectoralis and posterior thoracic muscles, including erector spinae, was increased. The affected patients also had reduced total body fat (19) and markedly reduced thickness of peripheral skin folds (biceps, triceps, forearm, thigh, and calf), but the skin fold thickness in the truncal region and chin was either normal or increased (refs. 20, 21, and Supplemental Figure 1 ; supplemental material available online with this arti- Six adult subjects with unambiguous phenotype were used for linkage analysis -three were affected (individuals 2, 3, and 8), and three were unaffected (individuals 1, 7, and 9) ( Figure 2A ). Constrained by the pedigree size and the autosomal dominant mode of inheritance, the primary purpose of linkage analysis was not to identify linkage peaks of genome-wide significance, but to filter out genomic regions not shared by all the affected or shared between both the affected and the unaffected. Therefore, we used an arbitrary criterion of a lod score of 0.8, which corresponds to half of the perfect lod score of log 10 (1/0.5 5 ) = 1.51. Regions totaling approximately 300 Mb had a linkage score greater than or equal to 0.8. Using this filter, we could greatly reduce the number of candidate variants from the whole-exome sequencing data.
Whole-exome sequencing identified a total 50,452 variants in FPLD 122.2, FPLD 122.3, and FPLD 122.9, of which 11,724 were potentially functional variants (Supplemental Table 1 ). Filtering by minor allele frequency (MAF), linkage region, and genomic evolutionary rate profiling (GERP) score, we were left with 3 variants (Supplemental Table 2 ). Due to lack of segregation of the SLC25A1 and PVRL1 variants by Sanger sequencing, we concluded that a heterozygous g.112837956C>T variant (based on hg19) on chromosome 10, leading to a c.202C>T nucleotide change and corresponding p.Leu68Phe protein change in adrenoceptor α 2A (ADRA2A), is the disease-causing variant in this family. Sanger sequencing further confirmed the segregation of the mutation in the family (Figure 2 ). In addition, an 8-year-old son and a 3-year-old daughter of the proband also harbored the ADRA2A mutant but did not show the lipodystrophy phenotype. Sanger sequencing of additional 64 unrelated patients with unexplained FPLD did not reveal any disease-causing mutation in ADRA2A.
Bioinformatics revealed that leucine at position 68 of ADRA2A is highly conserved across species ( Figure 3A ) and is present in the first transmembrane domain of this 7-transmembrane G protein-coupled receptor according to one prediction ( Figure 3B ). In the human intra-abdominal and s.c. abdominal adipose tissue, the mRNA expression of ADRA2A was approximately 9-fold and 17-fold higher, respectively, than that of ADRA2C, while ADRA2B was undetectable ( Figure 4, A and B) , and the expression of ADRA2A was approximately 2-fold higher in the s.c. abdominal fat compared with intra-abdominal fat ( Figure 4C ).
Next we tested the effects of overexpression of wild-type and mutant ADRA2A in cell model systems. Due to lack of a suitable antibody to ADRA2A, we generated expression constructs consisting of V5-epitoped tagged wild-type and mutant ADRA2A (to detect protein expression in cells) and expressed those in human embryonic kidney-293 (HEK-293) cells. The wild-type and mutant ADRA2A proteins were detectable on immunoblot (qualitatively) ( Figure 4D ) and showed similar posttranslational modification (glycosylation) for wild-type and mutant proteins ( Figure 4E) . Furthermore, the wild-type and mutant ADRA2A protein showed a similar subcellular (plasma membrane) localization pattern on immunofluorescence microscopy ( Figure 4, F-H) , suggesting that the p.Leu68Phe alteration does not destabilize the protein and that subcellular localization is similar to wild-type ADRA2A protein. Transfection with mutant ADRA2A resulted in a higher rate of basal lipolysis, as evidenced by glycerol release in the medium from differentiated 3T3-L1 cells, compared with wild-type ADRA2A (P = 0.005) ( Figure 5, C and D) . Further, the glycerol release from the cells expressing mutant ADRA2A was resistant to suppression by clonidine (omnibus P = 0.021), with an EC 50 of 45 μM, compared with wildtype ADRA2A (EC 50 of 3.5 μM) ( Figure 5C ). Similarly, glycerol release from the cells expressing mutant ADRA2A was not sensitive to yohimbine (omnibus P = 0.024), with an EC 50 of 60 μM, compared with 35 μM in cell expressing wild-type protein ( Figure 5D ). 
Discussion
Adrenergic receptors belong to the superfamily of G protein-coupled receptors that mediate the biological actions of the endogenous catecholamines, epinephrine, and norepinephrine (22, 23) . There are three main subtypes of these receptors, including α 1 (α 1A , α 1B , and α 1D ), α 2 (α 2A , α 2B , and α 2c ), and β (β 1 , β 2 , and β 3 ) (22, 23) . All have an extracellular amino terminus, 7 transmembrane domains, and an intracellular carboxy terminus (24, 25) . ADRA2A receptors are constitutively active; however, upon binding to agonists, they activate heterotrimeric GTP-binding proteins (G proteins), which elicit suppression of second messenger signals, including cAMP. ADRA2A is highly expressed in the sympathetic nervous system and is the main presynaptic inhibitory feedback receptor controlling norepinephrine release (26) . In adipocytes, ADRA2A activation inhibits cAMP production and reduces lipolysis (27) .
Our study highlights an important effect of loss-of-function ADRA2A mutation causing atypical FPLD. Our functional studies reveal that the mutant ADRA2A protein fails to suppress the production of cAMP in HEK-293 cells and increases lipolysis in differentiated 3T3-L1 adipocytes, suggesting that substitution of leucine at position 68 to phenylalanine results in loss of function of ADRA2A. Further, cAMP production and lipolysis from ADRA2A mutant-expressing cells were resistant to clonidine and yohimbine. These data suggest that excessive lipolysis from adipose tissue resulting from ADRA2A mutation may be the main mechanism causing lipodystrophy.
Higher expression of ADRA2A compared with ADRA2B and ADRA2C in human adipose tissue suggests an important role of this isoform in adipocyte biology. Further, nearly 2-fold higher expression of ADRA2A in the human s.c. abdominal fat compared with omental fat is consistent with the loss of adipose tissue from the anterior truncal region in our patients with ADRA2A mutation while omental adipose tissue is spared. However, it is unclear why ADRA2A mutation results in atrophy of some adipose tissue depots located in the periphery, while the others located in the neck, face, and intra-abdominal region are spared and in fact undergo hypertrophy. Further studies are required to assess specific functions of ADRA2A in various human adipose tissue depots.
The likelihood of digenic etiology is low in our patient -given the evident cosegregation of the ADRA2A variant and the phenotype across 3 generations, the odds of a second hit not linked to ADRA2A but cosegregated with the ADRA2A mutation in the 4 affected subjects of the affected founder are low [0.5 4 /(1 -0.5 4 ) = 0.067]. Lack of ADRA2A mutations in other unexplained patients with FPLD suggests that this is a rare subtype of FPLD. This is similar to the previously reported mutations in AKT2 and CIDEC in single families with FPLD (9, 10) .
Genetic deletion of Adra2a in mice results in increased heart rate (28-31), normal or elevated blood pressure (28, 30, 32) , and an increase in plasma norepinephrine (30, 33) but no impairment of cardiac function (33) . Although, previous studies in Adra2a -/-mice did not thoroughly analyze adipose tissue distribution, since Adra2a expression is low in mouse adipose tissue (26, 34) , lipodystrophy may not be expected. All adult affected subjects from the FPLD 122 family had hypertension, but an increase in heart rate was not a consistent finding. The proband did have slightly high plasma and urinary norepinephrine levels. The expression of ADRA2B and ADRA2C isoforms was compared with that of ADRA2A mRNA in omental adipose tissue, which was arbitrarily assigned a value of 1. The ADRA2A expression was 9.45-fold higher than that of ADRA2C, while ADRA2B was undetectable (C t > 30). (B) The expression of ADRA2B and ADRA2C isoforms was compared with that of ADRA2A mRNA in s.c. abdominal adipose tissue, which was arbitrarily assigned a value of 1. The ADRA2A expression was 16.67-fold higher than that of ADRA2C, while ADRA2B was undetectable (C t > 30). (C) The expression of ADRA2A in the s.c. abdominal adipose tissue was about 1.84-fold higher than in the omental adipose tissue. (D and E) Immunoblots for the expression of ADRA2A_V5_WT and ADRA2A_V5_L68F proteins as probed with V5 antibody. The immunoblots were probed (D) in the absence of peptide-N-glycosidase F (PNGase F) treatment (representative blot, n = 2) and (E) in the presence of PNGase F treatment (representative blot, n = 4). PNGase F is an endoglycosidase that specifically removes N-linked glycans from glycoproteins. GAPDH was included for protein loading control. The predicted molecular weight of human ADRA2A is approximately 50 kDa, but because it is a heavily glycosylated protein, it migrates slower than expected, as can be seen in D. (E) Upon PNGase F treatment, the deglycosylated protein reveals the approximate molecular weight of 50 kDa for both for the wild-type and mutant ADRA2A. (F-H) Subcellular localization of human ADRA2A_V5_WT and ADRA2A_V5_L68F proteins expressed in HEK-293 cells. Proteins were fixed in 4% paraformaldehyde and incubated with primary antibody to V5 epitope followed by incubation with AlexaFluor 568-coupled fluorescent secondary antibody (red fluorescence) and counterstaining with DAPI (a nuclear stain; blue fluorescence). Cells were imaged for red and blue fluorescence using scanning confocal microscopy. Shown are single Z-slice images (Z-stacks were deconvolved using IMARIS software) for (F) pcDNA (vector control), (G) ADRA2A_V5_WT, and (H) ADRA2A_V5_L68F proteins. Both the ADRA2A_V5_WT and ADRA2A_V5_L68F localize to plasma membrane as expected (red fluorescence), confirming that there was no subcellular mislocalization of the mutant ADRA2A_V5_L68F protein. Numerous cells were examined visually, but only a few cells were processed.
Nearly all previously reported molecular defects resulting in lipodystrophy have been in pathways involved in storage of triglycerides in lipid droplets of adipocytes (AGPAT2, BSCL2, CAV1, PTRF, PLIN1, CIDEC, LIPE), adipocyte differentiation (AGPAT2, BSCL2, PPARG, AKT2), or adipocyte cell death (LMNA, ZMPSTE24) (2, 4, 11, 12) . Adding to this growing list, now, is the ADRA2A mutation, which causes atypical FPLD mainly by altering lipolysis. In addition, PLIN1 mutations cause FPLD by increasing lipolysis by recruiting hormone-sensitive lipase to the surface of lipid droplets to initiate lipolysis (8, 35, 36) . We report a G protein-coupled receptor pathway involved in causing atypical FPLD in which excessive lipolysis Figure 5 . Effects of overexpression of wild-type and mutant ADRA2A in HEK-293 and 3T3-L1 preadipocyte cells on cAMP and glycerol production, respectively -response to clonidine and yohimbine. (A and B) HEK-293 cells were transfected with ADRA2A_WT and ADRA2A_L68F containing V5 epitope tag at the amino terminus. The production of cAMP was measured in the presence of various concentrations of clonidine or yohimbine by cAMPGlo assay and normalized to protein. Dose response curves for (A) clonidine or (B) yohimbine were plotted as a semi-log curves and expressed as nM cAMP produced per μg protein (mean ± SEM, n = 4). For clonidine, ADRA2A_WT has an EC 50 value of 27 μM and ADRA2A_L68F has an EC 50 value of 48 μM. For yohimbine, ADRA2A_WT has an EC 50 value of 79 μM and ADRA2A_L68F has an EC 50 value of 143 μM. (C and D) ADRA2A_WT and ADRA2A_L68F containing V5 epitope tag at the amino terminus were expressed in 3T3-L1 cells. Twenty-four hours after transfection, the cells were allowed to differentiate into adipocytes using standard differentiation protocol (see the Methods for details). The cells were differentiated for 8 days and incubated with various concentrations of (C) clonidine or (D) yohimbine dissolved in dimethylsulfoxide for 24 hours. Released glycerol in the media was measured, normalized to protein, and expressed as μM glycerol released/μg protein (mean ± SEM, n = 3 for clonidine and n = 4 for yohimbine). The expression of cAMP or release of glycerol in the cells not treated with constructs or vehicle is also plotted in each panel. cAMP production or glycerol release from mutant ADRA2A compared with wild-type ADRA2A was significant using mixed-effect model, which assessed genotype, dose, and genotype × dose interaction as fixed effects, with each experiment modeled as a random effect. The EC 50 values were determined by using GraphPad Prism version 6.04. Since our X coordinates are plotted as logarithms, and since the log of 0 is undefined, we approximated this point with an X coordinate of 0.01 μM, about 2 log units below the lowest "real" X value. For clonidine, ADRA2A_WT has an EC 50 value of 3.5 μM and ADRA2A_L68F has an EC 50 value of 45 μM. For yohimbine, ADRA2A_WT has an EC 50 value of 35 μM and ADRA2A_L68F has an EC 50 value of 60 μM. Analyses were performed with SAS 9.4 (SAS Institute). An omnibus P value of less than 0.05 was considered statistically significant. insight.jci.org doi:10.1172/jci.insight.86870 results in loss of adipose tissue. Our data also suggest a potential targeted therapy for patients, such as the ADRA2A agonist, clonidine, which may suppress lipolysis and potentially limit or prevent fat loss.
Methods
Body fat distribution studies. Anthropometric measurements, whole-body MRI, and dual-energy x-ray absorptiometry (Hologic Delphi W densitometer; Hologic Inc.) were performed to determine total body fat and its distribution as described previously (37) . Sanger sequencing. Genomic DNA was isolated from peripheral blood using the Easy-DNA kit (Invitrogen). The coding regions and the splice site junctions of LMNA, PPARG, PLIN1, and CIDEC were amplified with gene-specific primers as described earlier (38) . The PCR product was purified to remove primers and dNTPs and Sanger sequenced using ABI Prism 3100. The exon and surrounding 5′ and 3′ regions of ADRA2A were amplified with gene-specific primers. In addition, 64 patients with unexplained FPLD were genotyped for ADRA2A using Sanger sequencing. We also performed Sanger sequencing of the candidate variants in PVRL1 and SLC25A1 among the family members to investigate for segregation with the phenotype.
Linkage analysis. Six adult subjects (three affected and three unaffected) from the FPLD 122 pedigree (1, 2, 3, 7, 8, and 9) underwent genotyping on the Illumina HumanOmni1-Quad SNP array. We chose 7,296 SNPs spaced approximately 2 per centiMorgan from among the approximately 1 million to construct a sparse linkage map (39) . We performed multipoint model-based linkage analysis under a dominant inheritance pattern, with a penetrance of 0.9, sporadic rate of 0.001, and disease-predisposing allele frequency of 0.001 using MERLIN (40) .
Whole-exome sequencing. Two affected (FPLD 122.2 and FPLD 122.3) and one unaffected (FPLD 122.9) subject underwent whole-exome sequencing using the SureSelect Human All Exon V4 kit on the Illumina platform. Sequencing read length was paired-end 2x100 bp. Sequences were aligned to the human reference genome b37, and variants were called using the Genome Analysis Toolkit HaplotypeCaller and annotated using snpEff. We hypothesized that an autosomal dominant mutation was most likely and therefore filtered for rare -absent in the 1000 Genomes and MAF <0.1% in the Exome Aggregation Consortium database -missense, nonsense, splicing, or frameshift mutations located in linkage regions with lod scores greater than 0.8. We filtered for conservative mutations with GERP++ scores greater than 2.0 (41). We also used Sanger sequencing to confirm segregation of the candidate variants within the pedigree.
Expression of ADRA2 mRNA isoforms in human adipose tissue, and expression and subcellular localization of mutant ADRA2A protein. We studied mRNA expression of various ADRA2 isoforms in s.c. abdominal and omental human adipose tissue (Supplemental Methods and Supplemental Tables 3 and 4) . We also introduced the mutation encoding p.Leu68Phe into human ADRA2A cDNA, expressed these constructs in HEK-293 cells, and examined protein expression and subcellular localization by immunoblotting and immunofluorescence analyses (Supplemental Methods and Supplemental Table 3 ).
Deglycosylated and glycosylated immunoblot analysis of human ADRA2A protein. Twenty-four hours after transfection, HEK-293 cells (ATCC) were lysed in lysis buffer (10 mM Tris, 1 mM EDTA, pH 7.4, with protease inhibitor cocktail) and sonicated using a Vibra cell VCX 130 sonicator (Sonics) at 30% amplitude, with 1 to 2 pulses for 15 seconds each. The supernatant was spun at 1,000 g for 5 minutes to remove debris followed by centrifugation of the supernatant at 15,000 g for 30 minutes at 16°C. Total protein was measured in the cleared supernatant by Bio-Rad DC protein assay (Bio-Rad). A total of 10 μg of the protein was treated with peptide-N-glycosidase F (PNGase F; New England Biolabs) according to the manufacturer's protocol. PNGase F deglycosylates a native glycoprotein by cleaving between the innermost acetylglucosamine (GlcNAc) and asparagine residues of high mannose, hybrid, and complex oligosaccharides from N-linked glycoproteins. The ADRA2A protein was denatured by adding 1 μl of 10× glycoprotein denaturing buffer and boiling at 100°C for 10 minutes. After cooling the reaction mixture on ice, 2 μl of 10% NP-40, 2 μl of 10X G7 reaction buffer, and 500 units of PNGase F enzyme were added. The samples were incubated at 37°C for 1 hour and then separated on 10% SDS-PAGE (Bio-Rad) along with untreated samples followed by transfer onto polyvinylidene fluoride membranes (Millipore). The membrane was blocked with 5% non-fat dry milk containing 0.2% Tween 20 for 1 hour at room temperature. The membrane was then incubated with anti-V5 primary antibody (catalog 46-0705; lot 1138580, Life Technologies) overnight at 4°C at 1:2,000 dilution and then washed with 1X TBS-T (Tris-buffered saline and Tween 20) 3 times and incubated with secondary antibody to IgG (goat anti-mouse-IgG conjugated to HRP) at a 1:5,000 dilution for 1 hour at room temperature (Santa Cruz Biotechnology) and detected with Immobilon Western Chemiluminescent HRP substrate (Millipore) and exposed onto X-ray films.
The same blot was stripped using Restore Western blot stripping buffer (Thermo Fisher Scientific) according to the manufacturer's protocol and reprobed with GAPDH antibody at 1:5,000 dilution (mouse monoclonal, Ambion).
Immunofluorescence microscopy. HEK-293 cells were plated on collagen-coated coverslips in a 6-well plate and transfected with pcDNA (vector) or ADRA2A_V5_WT or ADRA2A_V5_L68F. Twenty-four hours after transfection cells were fixed in 4% paraformaldehyde. Cells were treated with blocking solution without NP-40. Cells were washed 3 times for 5 minutes each with PBS and then incubated with primary antibody to V5 epitope (Life Technologies, dilution of 1:1,000, Life Technologies) for 60 minutes at room temperature. Cells were then washed 3 times for 5 minutes each with PBS and incubated with AlexaFluor 568-coupled fluorescent secondary antibody (Life Technologies) for 60 minutes at room temperature. After incubation, cells were washed 3 times for 5 minutes each with PBS, costained with DAPI during the washes, and mounted on a glass slide with Aqua Poly/Mount (Polysciences Inc.). Cell images were acquired by a DeltaVision RT Deconvolution Microscope (Applied Precision, LLC). Z-stack images for red and blue fluorescence were acquired in approximately 0.15-micron increments at ×60 magnification and were deconvolved using SoftWoRx (Applied Precision). Immunofluorescent images were processed with a DeltaVision workstation (Applied Precision).
Functional assay for the mutant ADRA2A. The effects of the overexpression of the mutant and wild-type ADRA2A constructs (Supplemental Methods) on cAMP release were studied in HEK-293 cells (ATCC) and on lipolysis were studied in murine 3T3-L1 preadipocytes. The HEK-293 cells were plated at a density of 2 × 10 5 cells per well of a 96-well plate and allowed to attach overnight in low glucose Dulbecco's Modified Eagle's medium supplemented with 10% fetal bovine serum, 1% penicillin, and streptomycin. The next day, the cells were transfected with 500 ng of pcDNA (vector), wild-type (ADRA2A_V5_WT), and mutant (ADRA2A_V5_L68F) plasmids in Optimem medium using Lipofectamine 2000 (Life Technologies). Six hours after transfection, the Optimem medium was replaced with Dulbecco's Modified Eagle's medium. Twenty-four hours after transfection, the cells were treated with (0, 3, 10, 30, 100, or 300 μM) clonidine (an ADRA2A agonist) or yohimbine (an ADRA2A antagonist) for 24 hours. The cells were lysed using lysis buffer, and intracellular cAMP levels were measured using the cAMP-Glo Max assay (Promega). The lysate was centrifuged for 10 minutes at 16,000 g at 4°C, and the protein concentration of the supernatant was measured using DC protein assay (Bio-Rad).
The transfection of 3T3-L1 cells (ATCC) was performed at a density of 1 × 10 4 cells per well using 100 ng of pcDNA. Twenty-four hours after transfection, the cells were induced to differentiate into adipocytes by addition of 0.5 mM 3-isobutyl 1-methylxanthine, 10 μg/ml insulin, 10 μM dexamethasone, and 1 μM rosiglitazone for 48 hours followed by addition of culture medium containing insulin every 48 hours for 5 additional days. After differentiation, cells were incubated with clonidine or yohimbine for 24 hours. The media were collected and glycerol was measured using a lipolysis assay kit (Zen-Bio Inc.).
The half maximal effective concentrations (EC 50 ) for glycerol and cAMP response to clonidine and yohimbine were determined using GraphPad prism 6 software version 6.04.
Statistics. For comparing data on cAMP and glycerol production from the mutant and wild-type ADRA2A-expressing cell lines in response to increasing doses of clonidine and yohimbine, the mixed effects model was employed using SAS version 9.4 (SAS Institute). The model assessed genotype, dose, and genotype × dose interaction as fixed effects with each experiment modeled as a random effect. Analyses were performed with SAS 9.4 (SAS Institute) and GraphPad Prism version 6 software, version 6.04. An omnibus P value of less than 0.05 was considered statistically significant.
Study approval. The present studies in humans were reviewed and approved by the institutional review board of UT Southwestern Medical Center. All subjects provided written informed consent prior to participation in the study.
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